to 6 Si atoms. Most of them have low chemical reactivity, high vapor pressure, and low surface tension. They are poorly soluble in water and easily so in non-polar solvents. Particular characteristics of siloxane polymers are resistance to oxidation and UV radiation, small variation of physical properties with temperature, and extreme polysiloxane chain flexibility, which affects their low viscosity. The overview of the main physical and chemical properties of VMS and their structure have been presented in [2] . The above-described wide use of siloxanes results both from their universal properties and their commonly perceived environmental neutrality. This view, however, raises more and more serious controversy. Recent reports indicate their potential toxicity, carcinogenicity and bioaccumulation capability, especially as they are relatively persistent. Their impact on living organisms, their migration routes in the environment and mechanisms of decline in the atmospheric air are poorly known. Rapid development of renewable energy sources, which include siloxane-containing biogas, also contributes to increasing pollution of the environment with VMS.
Mechanisms and Conditions of VMS Migration to Biogas and Atmospheric Air
In WWTPs and landfills siloxane polymers, in particular polydimethylsiloxane (PDMS), are subject to partial or complete hydrolytic depolymerization, transforming into VMS, which are released into the air or adsorbed on sludge floccules at WWTPs and on the surface of landfill waste. This applies especially to water-insoluble VMS of a high molecular weight, i.e. D4 and D5. As a result of the fermentative decomposition of the substratum and the elevated temperature, they are released into the biogas and flow with it to the air or to the combustion installation. They are not decomposed in a conventional biological wastewater treatment process [3] . Silicon compounds with better water solubility and low vapor pressure (e.g. L3, silanes, silanols) get into the receivers of treated sewage or landfill leachate, hence their presence both in biogas and in the air is insignificant. Smaller VMS molecules with high vapor pressure (D3, L2) are released into the air either during wastewater treatment or earlier i.e., in the sewage system. The molecules with the lowest vapor pressure and the highest molecular weight (D6, L5) mostly remain permanently bonded with post-fermentation sediments. The same applies to the previously mentioned PDMS polymers. D5 constitutes more than 90% of the siloxane compounds included in municipal wastewater. The total efficiency of its removal during wastewater treatment is about 97% (including volatilization during aeration, and bonding with the sediment), with 20-50% of the remaining D5 penetrating into biogas [4] . The amount of VMS released from landfills depends on their content in the waste, deposition time and temperature of the bed. Due to the continuous increase in the use of siloxane polymers and high volatility of the products of their hydrolysis, emissions of VMS from newer landfills are greater. Higher siloxane concentrations may be expected near landfills in large urban areas [5] .
During biogas combustion, VMS partially precipitate in the form of silica and silicate deposits on the inner surfaces of engine chambers, cylinder heads, nozzles, valves, spark plugs, exhaust gas catalysts, etc. They also get to the engine oil, worsening its lubricating properties. This results in a decrease in the efficiency and availability of equipment and an increase in air pollutant emissions, including fine (<100 nm) toxic dust containing silica. However, it is estimated [6] that only 0.5-1% of siloxane content in biogas converts to SiO 2 , while the rest is emitted into the air with exhaust gases.
Waste siloxanes D4 and D5 used in consumer products are mostly directly emitted to the atmosphere. Only a few percent reach WWTPs [7] . This has also been confirmed by Allen et al. [8] , who have estimated that 92% of the D4 used in personal care products evaporates directly into the atmosphere.
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n=1 -hexamethylcyclotrisiloxane (D3), n=2 -octamethylcyclotetrasiloxane (D4), n=3 -decamethylcyclopentasiloxane (D5), n=4 -dodecamethylcyclohexasiloxane (D6). 
b)
Linear VMS Cyclic VMS n=0 -hexamethyldisiloxane (L2) n=1 -octamethyltrisiloxane (L3) n=2 -decamethyltetrasiloxane (L4) n=3 -dodecamethylpentasiloxane (L5) n=1 -hexamethylcyclotrisiloxane (D3) n=2 -octamethylcyclotetrasiloxane (D4) n=3 -decamethylcyclopentasiloxane (D5) n=4 -dodecamethylcyclohexasiloxane (D6) a)
VMS Concentrations -

Analysis of the Existing Measurement Data
Typical VMS concentrations in biogases produced at WWTPs and landfills range from a few to several tens of mg/m 3 [9] [10] [11] [12] [13] [14] [15] . In general, higher concentrations are found in the biogas from sewage sludge, which may be due to a higher fermentation temperature. This gas is dominated by less volatile siloxanes -D5 (48-76%) and D4 (21-45%) -which account for more than 90% of the total VMS. This has been confirmed by the authors of the research done at a Polish WWTP with a capacity of about 100,000 m 3 /d where biogas is produced from sewage sludge [2] . Before combustion in the gas-powered piston engines that drive electricity generators (Jenbacher, 3×600 kW e ), the biogas produced in the mesophilic fermentation process is treated by condensation drying and desulfurized using activated carbon impregnated with potassium iodide. Simultaneously with desulfurization, VMS are partially adsorbed. Biogas samples were collected by absorption in methanol and a GC-MS analysis was performed. A standard set of 8 VMS (Fig. 1) was analyzed of which only D4 (concentrations: 1.2-2.6 mg/m 3 in the raw gas and 1.0 mg/m 3 after adsorption) and D5 (respectively: 6.9-26.1 mg/m 3 and 1.0 mg/m 3 ) were detected. The predominant share of D5 in this type of biogas confirms earlier reports in the literature. It is also worth paying attention to the varying efficiency of D4 and D5 removal, which may confirm the thesis about displacing the previously adsorbed D4 by D5 and/or VOCs present in the biogas.
In the case of landfill biogas, the shares of individual VMS are different. Dominant are those with higher vapor pressure and better water solubility -L2 (28-40%), D4 (24-72%), D5 (3-13%), and D3 (0-7%) [9, 16, 17] .
Compared to the concentrations in biogas, siloxane concentrations in the atmospheric air are smaller by several orders. The analysis of published measurement data [18] has shown that the largest concentrations of D4, D5, and D6 are at WWTPs near aeration chambers (0.1, 2-3, 0.04 μg/m 3 , respectively). Global distribution of VMS concentrations was studied by Genualdi et al. [19] in 20 points located in the U.S.A., Europe, and the Arctic. They proved the interrelatedness of D3-D4 and D5-D6 concentrations resulting from different origins of these pairs of siloxanes. The highest concentrations of D3 and D4 were reported on the west coast of North America and the uppermost measurement points, which may indicate their influx from the Pacific. In contrast, D5 and D6 reached the highest concentrations in urban areas, which could result from increased use of personal care products (D5 is the most commonly used siloxane in such products) and greater number of municipal and industrial VMS sources. In non-urban areas and the Arctic (defined as background points), D3 and D4 were dominant (up to 0.044 μg/m 3 -in Ucluelet, Canada), whereas in the cities D5 and D6 prevailed (up to 0.28 μg/m 3 in Paris). According to the research on the VMS content in the air carried out in different locations in the Nordic countries [20] , total concentrations of D4, D5, and D6 most often ranged from 0.1 to 5.0 μg/m 3 (except for the samples from WWTPs, which reached up to about 20 μg/m 3 ). In the urban air, concentrations of individual VMS ranged from 0.1 to 2 μg/m 3 . Variation ranges of VMS immission measurements published so far for different locations are summarized in Table 1 .
Decline and Transformations of VMS in the Environment
Siloxanes can be removed from the atmosphere by wet and dry deposition and chemical transformations. In practice, both deposition mechanisms -due to poor VMS [27] , the lifetime of VMS resulting from the reaction with OH radicals ranges from 10 days in the case of D5 to 30 days in the case of D3. Similar values were obtained in model tests [28] for D4 and D5, respectively: 11.5 and 7.5 days, assuming the average concentration of OH radicals representative of the north-central latitude. D6 reacts with OH radicals the fastest, with 1.6 days as the calculated time of half-decline [29] . Hobson et al. [26] have found VMS lifetime inversely proportional to the OH radicals concentration in the troposphere and seasonal variations in VMS concentrations as a result of UV radiation variability, which affects the formation of OH radicals. Due to the relatively long residence time of VMS in the troposphere, they are included in the group of substances with potential for longrange atmospheric transport [30] . According to the model tests [18] , the range of this transport can exceed 5,000 km. The daily variability of VMS concentrations was tested by Yucuis et al. [23] proving its clear correlation with the height of the mixing layer, especially in the case of D5. The reason for such a relationship, in addition to the obvious effect of nocturnal temperature inversions, could be daily fluctuations in the concentrations of OH radicals, associated with UV radiation variability. Carrying out measurements in cities with different population densities, they found yet another regularity. The greater, the D5/D4 concentration ratio, the higher the population density, and it ranged from 4.5 for Chicago to 2.1 for West Branch in the USA. This may result from a lifetime of D4 longer than of D5, making the share of D4 increase in locations more distant from the emission sources, i.e. large population centers.
The products of siloxane oxidation with OH radicals are mainly silanols, further removed from the atmosphere -as compounds better soluble in water and with lower vapor pressure -by wet deposition. They can also condense on the particles of suspended dust and be subject to dry deposition. As a result of the above-mentioned processes, they get into the soil where they undergo slow degradation. So far, no biological mechanisms have been detected that would lead to the formation of bonds between silicon atoms and a methyl group or another organic group. What has been known is biochemical processes that result in breaking such bonds [31] . Susceptibility of VMS to hydrolysis and biodegradation has been discussed in the literature. Still, in the 1970s they were considered to be nonbiodegradable compounds. The possibility of chemical decomposition and biodegradation of PDMS in contact with the soil has been demonstrated fairly recently [32] [33] [34] [35] . The first stage includes decomposition of PDMS to siloxanes (mainly D4 and D5) and silanediols (mainly dimethylsilanediol -DMSD) by hydrolysis. Then, in anaerobic conditions, DMSD is subject to biodegradation in the soil, or is released into the air, where its photolytic decomposition occurs. In both cases, the end products are CO 2 , SiO 2 , and H 2 O. PDMS may also undergo biodegradation in aerobic conditions [14, 36, 37] . However, these are very slow processes. For example, half-decomposition time of D5 in aerobic conditions exceeds 1,000 days [18] .
Effects of Silicones and Siloxanes on Living Organisms
The toxicity of silicone compounds, in particular PDMS, has been thoroughly investigated due to their widespread use in medical technology and cosmetics. A lot of test results have indicated that these polymers are neutral to warmblooded organisms. Until recently, individual siloxanes were also believed to be non-toxic. However, studies carried out in recent years have shown that some of them may directly or indirectly affect the human body. The greatest number of data have been published on the toxicity of D4, which puts people at risk primarily due to the use of cosmetic products. It is considered to have toxic effects on reproductive processes [38] [39] [40] [41] , as well as the liver and lungs [42] . The effect of D4 on the estrous cycle of rats and mice also has been found [18, 43, 44] . According to the Regulation of the European Parliament and of the Council (EC) No. 1272/2008 of 16 December 2008 on the classification, labeling, and packaging of substances and mixtures, D4 exhibits a harmful effect on reproductivity (Cat. 2, R62 -possible risk of impaired fertility), and chronic aquatic toxicity (Cat. 4, R53 -may cause long-term, adverse changes in the aquatic environment). The Danish Environmental Protection Agency recognized reduction in fertility as a critical effect of D4 [45] . Assessing D4 toxicity from a lethal dose of LD 50 for mice (6-7 g/kg [46] ), it can be concluded that it is similar to carbon tetrachloride or trichlorethylene.
D5 toxicity also has been studied. Like D4, D5 is a substrate in the production of PDMS used also in dry cleaning as a more secure replacement of perchlorethylene and trichlorethylene. No toxic effects of this siloxane on reproductive processes have been found [43, 44] , but in 2005 the US EPA presented the results of research [47] which may confirm its carcinogenic effect. The study was conducted on 120 individuals in a population of laboratory rats exposed to D5 with vapor concentrations of 0, 10, 40, and 160 ppm v 6 hours per day, 5 days per week, for 24 months. The results showed increased incidence of uterine cancer among the individuals exposed to concentrations of 160 ppm v . No increased incidence at lower doses of D5 was observed. In addition to the reproductive system, the organs most vulnerable to the effects of D4 and D5 are the lungs and liver. According to the above-mentioned regulation (EC) and Directive 67/548/EEC, D5 is not classified as a dangerous substance. However, in many publications it is claimed that the toxicological properties of D4 and D5 have not been thoroughly investigated.
The toxic properties of D6 also have been poorly researched. Due to larger sizes of D5 and D6 molecules in relation to D4 and, therefore, more difficult penetration through cell membranes, it may be suspected that their toxicity is relatively lower. Like D5, D6 has not been classified as a dangerous substance. There is also no specific data on the toxicity of linear VMS.
L2, for example, has been recognized as a skin irritant. Due to possible carcinogenic and toxic effects, in 2000 it was put on the OSPAR list of Chemicals for Priority Action. However, in a report [48] L2 was not classified as dangerous because research had not confirmed its toxic or carcinogenic properties. According to Regulation (EC) No. 1272/2008 and EU Directives 67/548/EEC and 1999/45/EC, this substance is toxic to aquatic organisms.
On the other hand, L5 was classified as a substance irritant to the skin, respiratory tract, and eyes. Although potential for adverse carcinogenic and/or toxic effects of D4 (liver and female reproductive system), D5, L2, and L5 (lungs, eyes, skin) has been found, the European Silicones Centre (CES) recognizes siloxane-based substances as completely safe for human health. Also, in the opinion of the Scientific Committee on Consumer Safety of the European Commission [49], cyclomethicone used in cosmetics poses no risk to human health. The opinion does not apply to other uses of the substance.
So far, there have been no restrictions or legal regulations on the use of siloxanes. Recently, however, the merits of such a policy have increasingly been questioned, especially in the case of cyclic VMS. Due to the great scale of production, a relatively long lifetime, and potential toxicity and bioaccumulation, it is considered to put some restrictions on some siloxanes. Currently, the risk assessment of cyclic VMS is being conducted, e.g. in Canada [19] , in the EU [24] , and in the USA [23] , where D4 has recently been included by the U.S. EPA on the list of 18 substances that require risk assessment [50] , which can provide the basis for the introduction of acceptable standards for that substance in the air. Further research into the effects of submicron silica emitted from the combustion of biogas on human health is also required. SiO 2 particles are smaller than 100 nm, and have big specific surface area and a fibrous form. They penetrate into the human body primarily through the respiratory passages and are transported into the circulatory system, spleen, liver and other organs, where they are further accumulated, so their negative impact on health can be spread over time. According to the classification of the British Standards Institution, silica dust has carcinogenic and mutagenic properties and can induce asthma and affect the reproductive system [51] .
Conclusions
The increasing use of siloxanes, particularly cyclic VMS, in consumer and industrial products leads to their more common presence in the environment. Being highly volatile, they can easily get into the air, where they stay relatively long -from 2 (D6) to 30 (D3) days. Lifetimes of D5 and D4, which are emitted in the largest quantities, are from 7.5 to 12 days. Such a long decomposition time enables their transport across thousands of kilometers. They have been found, e.g., in the Arctic, although their only source is anthropogenic activity. Because of the poor water solubility and low reactivity, the only mechanism of removing VMS from the atmosphere is oxidation to silanols using hydroxyl radicals. Silanols, as better soluble in water, are removed by wet deposition and get into the soil, where they undergo slow microbial hydrolysis.
VMS reach the highest concentrations in the air (from a few to several μg/m 3 ) in the centers of large cities and near WWTPs, especially near the aeration tanks. The concentrations of cyclic VMS in air are 2-3 orders higher than those of linear. Especially low concentrations of linear VMS have been found in measuring points of the background and arctic areas, which indicates the short lifetime of these compounds in the atmosphere -as opposed to D3 and D4. Among cyclic VMS D5 and D4 are predominant. The ratio of their concentration in the air (such as, e.g., 4.5-2.1, according to research carried out in the USA), in connection with the difference in their lifetime, decreases with the distance from population centers, i.e. the places of intensive use of personal hygiene products, which use mainly D5.
Until recently, it was commonly believed that siloxanes are indifferent to human health. Today, more and more often it is claimed that they may be directly or indirectly toxic to various organs. These compounds are relatively persistent, with high potential for bioaccumulation. Some of them are suspected of carcinogenic potential (D5), harmful effects on the female reproductive system, the liver and lungs (D4) , and the irritating effect on the skin, eyes and respiratory system (L2). So far, however, no legislation related to the use of siloxanes has been introduced -they are not covered by the restrictions on VOC, and there is no limit on concentrations acceptable in indoor and ambient air. Therefore, no control is performed and the published measurement results of VMS emission and immission are scarce. Still, in a few countries (the USA, Canada, the EU) risk assessment procedures have been recently launched, which may lead to the introduction of new regulations in the above-mentioned range. The lack of data on the toxicity of silanols resulting from the decomposition of siloxanes in the air also is noteworthy. Further research is also required for harmful effects of fine-crystalline silica resulting from siloxane combustion. Due to the size of emitted particles (<100 nm), it may be suspected that they can be easily inhaled into the lungs and the bloodstream. An additional negative aspect of the siloxane-containing biogas combustion is the deposition of silica on the engine components and active surfaces of exhaust gas catalysts, which indirectly increases emissions of other air pollutants.
The increasing introduction of products containing siloxanes to the consumers market -despite confirmation of the toxic effect of D4, D5, and L2 on rats and mice, no recognition of the toxicity of D3, L3, and L4 and silanols, and the confirmed ability of siloxanes to bioaccumulate in living organisms -requires the analysis of the situation by relevant decision-making bodies. It seems appropriate to make preventive arrangements to reduce people's exposure to their effects. The easiest way is to popularize the use of less harmful siloxane substitutes, particularly in the production of implants and cosmetics and in food industry (e.g., paraffin oils and glycols). Reducing VMS emissions can also be achieved by removing them from wastewater and sludge (e.g. oxidation in the aqueous phase) and biogas. The most commonly used method for VMS removal from biogas is adsorption on a fixed bed of activated carbon, removing them together with hydrogen sulfide and halides. Due to the limited capacity of sorbent regeneration and diverse sorption capacity in relation to different VMS, this method is not recommendable. Among the more promising adsorbents there are: alumina, ion-exchange resins and zeolites. In the preliminary stage of research there are absorption methods using organic liquids, membrane, catalytic, and biological methods.
The issues addressed in this paper are relatively new and poorly researched, especially in the context of toxicity and biodegradability of VMS, as well as the methods of their determination (there are no standard procedures) and removal from biogas and sewage.
